We demonstrate that the emission of light by fluorescent molecules in the proximity of periodic arrays of nanoantennas or plasmonic crystals can be strongly modified when the arrays are covered by a dielectric film. The coupling between localized surface plasmon resonances and photonic states leads to surface modes which increase the density of optical states and improve light extraction.
glass substrate with refractive index 1.52 at λ = 700 nm. A scanning electron microscope SEM image of the top of the sample is shown in the inset of Fig. 1(b) . The height of the nanoantennas is 38 ± 2 nm. The grating constants are a x = 600 ± 15 nm and a y = 300 ± 15 nm. The nanoantennas are rectangular nanorods of rounded corners, with long (short) axis of 450±10 nm (130±10 nm) along the x (y) direction. An active layer of thickness 50±10 nm was spun onto the array. This layer consists of fluorescent molecules (ATTO 680) dispersed into a polyvinyl butyral (PVB) matrix with a concentration of 10 −5 M. The top layer has a refractive index of 1.48 at λ = 700 nm.
Arrays of metallic nanoparticles may interact through coherent scattering processes.
Diffractive coupling between LSPRs of the nanoparticles and photonic modes of the array occurs whenever the wavelength of the scattered light by LSPRs approaches the interparticle distance. The complex polarizability of an isolated particle, α, no longer describes such system. The array of nanoparticles, in the framework of the coupled dipole approximation, can be modelled by an effective polarizability α eff = α/(1 − αS), where and S is a term representing the retarded dipole sum resulting from coherent scattering in the nanoparticle array [17] . Scattering resonances, which give rise to lattice surface modes, arise whenever the real components of α −1 and S are equal [17, 24] . A reduction of the single particle damping also occurs because of the relative compensation of imaginary components of α −1
and S. This reduction of the damping produces sharp resonances [18, 19, 20, 21] . As we will show later, light emitters can couple very efficiently to these modes modifying drastically their emission characteristics and exhibiting narrow bands of enhanced emission.
A lattice resonance is displayed in Fig. 1 (a) near to λ = 900 nm, where the red-solid line represents a measurement of the zero-order transmission at normal incidence through the plasmonic crystal of nanoantennas on glass covered by the PVB layer. The measurement is normalized by the transmission through a bare substrate covered by a similar PVB layer. We illuminated the sample with a collimated beam from an halogen lamp with the polarization parallel to the short axis of the nanoantennas. The broad reduction of the transmittance around 680 nm corresponds to an enhanced extinction resulting from the excitation of the half-wave LSPR in each individual nanoantenna. The asymmetric and narrower resonance around 900 nm arises from the diffractive coupling of the nanoantennas arranged in the plasmonic crystal. It has been highlighted the importance of surrounding the nanoparticles by a homogeneous dielectric environment in order to obtain an effective diffractive cou-pling [20] . Fig. 1(a) shows the transmittance measured through a similar array without top PVB layer (black-dotted line). The single particle LSPR is shifted to 620 nm due to the reduced permittivity of the surrounding medium. The most pronounced difference compared to the measurement of the sample with PVB layer is the disappearance of the lattice surface mode, as a result of the inefficient diffractive coupling in the inhomogeneous environment.
We stress that the nanoantenna array covered by PVB is not immersed in a fully symmetric dielectric environment. Instead, there is a small difference in refractive index between the glass substrate and the polymer layer, and this layer has a finite thickness of only 50 nm. Therefore, our measurements demonstrate that the condition for the existence of these modes, namely, an homogeneous dielectric environment around the nanoparticle array, is less stringent than believed.
The main features in the measurements of Fig To obtain the dispersion relation of these modes, we have measured the zero-order transmission spectra as a function of the incident angle θ in in the range 0 • − 50
• . These measurements are displayed in Fig. 3 (a) as a function of k , where k = k x = k 0 sin(θ in )x, and k 0 = ω/c. The so-called Rayleigh anomalies, or the condition at which a diffracted order becomes grazing to the grating surface, have been also plotted in Fig. 3 with black lines.
These anomalies are given by the equation creases [20] . The dispersive behavior of these modes is similar to that of surface plasmon polaritons propagating on metallic gratings.
In the following, we focus on the emission of the dye molecules embedded in the PVB layer and their coupling to the lattice surface modes in the plasmonic crystal. The one photon fluorescence enhancement of an emitter excited below saturation is defined as the emitted intensity (I) normalized by the intensity of the emitter in the absence of the plasmonic crystal (I 0 ). For dipoles randomly oriented in space, this enhancement is given by
where E and E 0 are the local and incident electric fields at the pump frequency ω abs and η and Being discarded a mayor contribution of a local field enhancement of the pump to the fluorescence, the large directional enhancement of the emission in Fig 4 is attributed to the first factor of Eq. (1), i.e., to an increase of the LDOS associated to lattice surface modes to which the excited dye molecules can decay radiatively. The delocalized nature of these modes, with a large field intensity distributed in between the nanoantennas, is advantageous over the LSPRs for an efficient fluorescence emission because of the following reasons: (i) a larger number of dye molecules can efficiently couple to this mode due to its large extension; (ii) The average distance between fluorescent molecules that couple to the mode and the metal is larger, which reduces the metal induced fluorescence quenching, and (iii) the dispersion relation of surface mode is close to the Rayleigh anomaly (black line in Fig. 4(b) ), which means that a small extra momentum is required to efficiently couple out the fluorescence to radiative modes. This last point is clearly visible in Figs. 4(b) and (c), where the fluorescence enhancement at the lattice resonance gradually decreases for increasing k or as the resonance deviates from the Rayleigh anomaly. It is important to notice that only a weak enhancement of the emission is observed at the LSPR, i.e., the enhancement is a factor of two around at λ=700 nm, which highlights the higher efficiency of lattice surface modes over LSPRs for light extraction in the proximity of plasmonic crystals.
In summary, we have demonstrated experimentally that lattice surface modes resulting 
